Nickel
Introduction
Nodal is a member of the activin subfamily of transforming growth factor-beta (TGF-beta) signaling molecules. In vertebrates, Nodal plays a highly conserved role in a number of developmental processes including mesoderm induction and patterning, axis formation and the establishment of LR asymmetry (Whitman, 2001; Hamada et al., 2002; Stainier, 2002) . The nodal gene has not been identified in the protostomes, Caenorhabditis elegans and Drosophila melanogaster, but has been identified in sea urchins and urochordates, suggesting that Nodal signaling is unique to deuterstomes (Chea et al., 2005) .
Nodal executes multiple functions during sea urchin development, it has been shown to be a key signal in organizing the embryonic dorsoventral (D/V) or oral-aboral (OA) axis (Duboc et al., 2004; Flowers et al., 2004) , to play a role in the establishment of left-right asymmetry (Duboc et al., 2005) and in the determination of neuronal fates (Yaguchi et al., 2006 (Yaguchi et al., , 2007 . It has been reported that inhibition of Nodal signaling by morpholino antisense oligonucleotide (MASO) microinjection results in a failure in ectoderm specification (Duboc et al., 2004) , in contrast, global overexpression of nodal causes oralization of the ectoderm (Duboc et al., 2004; Flowers et al., 2004) .
The function of Nodal in early sea urchin development has been the subject of numerous investigations including two recent analyses of nodal transcriptional regulation. The nodal gene has two distinct cis-regulatory regions involved in the initiation and maintenance of transcription (Nam et Range et al., 2007) . Once nodal transcription is initiated, nodal transcripts become amplified and are maintained through an autoregulatory feedback loop involving Smad factors, leading to the rapid accumulation of nodal transcripts (Nam et al., 2007) . While the initiation of nodal transcription in the sea urchin has not been studied as extensively, there is evidence that redox signaling may be involved (Nam et al., 2007) .
Classic experiments more than 60 years ago revealed that respiratory asymmetry influenced ectoderm specification (Pease, 1941 (Pease, , 1942a . Since changes in respiration can influence redox state, this suggests that respiratory asymmetry may influence nodal transcription and ectoderm specification. In further support for a role for redox and respiratory state the activity of the mitochondrial enzyme, cytochrome oxidase, was shown to be higher on the presumptive oral side of the embryo (Czihak,1963 (Czihak, , 1971 ). More recently it was shown that mitochondria are asymmetrically distributed in the unfertilized sea urchin egg, that this maternal asymmetry is maintained in the zygote, and the side with the highest density of mitochondria tends to form the oral side (Coffman et al., 2004) . If a respiratory asymmetry is induced by culturing the embryos in tight clusters, a redox gradient is established and the oral ectoderm forms on the most oxidative side (Coffman and Davidson, 2001 ). Thus, a more oxidative redox state, which is thought to be a consequence of asymmetric accumulation of mitochondria on the oral side, may play a role in the initiation of Nodal signaling.
It has been proposed that activation of a redox-dependent transcription factor initiates nodal transcription. This is supported by the identification of a bZIP binding site in the nodal gene regulatory region (Nam et al., 2007; Range et al., 2007) , and bZIP transcription factors are known to be redox sensitive (Amoutzias et al., 2006) . Further evidence for redox signaling stems from demonstration of a requirement for P38 MAPK (Mitogen-activated protein kinase) upstream of Nodal signaling . P38 is known to be activated by redox signaling and to activate bZIP transcription factors (Clerk et al., 1998; Inoue et al., 2005) .
Nickel (Ni) treatment produces the same phenotype as Nodal overexpression (Duboc et al., 2004; Flowers et al., 2004) , but it is not clear how Ni influences ectoderm specification. Ni treatment has been shown to generate reactive oxygen species (ROS) in tissue culture cells leading to oxidative stress (Kawanishi et al., 2002; Cavallo et al., 2003; Pourahmad et al., 2003) . Ni treatment can also stabilize hypoxia inducible factors (Namiki et al., 1995; Salnikow et al., 2000; Maxwell and Salnikow, 2004) in human cell lines. Cobalt (Co) has similar effects to Ni in human cell lines including the stabilization of hypoxia inducible factors (Namiki et al., 1995; Chandel et al., 1998; Salnikow et al., 2000; Maxwell and Salnikow, 2004) , and generation of ROS (Chandel et al., 1998; Salnikow et al., 2000; Pourahmad et al., 2003) . The ability of Ni and Co to generate ROS and to stabilize the hypoxia inducible factors suggests that Ni and Co might similarly affect ectoderm specification by influencing redox signaling and/or the respiratory asymmetry.
Here, we compare the effects of Ni and Co treatments on the specification of the oral ectoderm by a high-resolution analysis of their effects on nodal expression at early stages of development, and by analysis of their effects on the expression of other oral and aboral ectoderm-specific markers. We show that the effects of Ni and Co on oral ectoderm specification are through Nodal signaling and that these metals share common features: they depend on Nodal signaling to oralize the ectoderm; they upregulate nodal transcription at the same developmental time points; they do not initiate nodal transcription precociously, but they both can influence nodal transcription in the absence of a functional nodal autoregulatory feedback loop.
Results

Morphological effects of Co treatment
To determine whether Co might have a similar effect as Ni on ectoderm specification, sea urchin embryos were treated continuously after fertilization with different concentrations of CoCl 2 ranging from 5 to 750 lM and examined for morphological effects at the pluteus stage (Pl). As the concentration of Co increased, the effects on embryonic development increased in a graded manner. At the lowest concentration tested (Fig. 1B) embryos look morphologically similar to controls (Fig. 1A) . Morphological effects of Co treatment were first detected at 25 lM Co (Fig. 1C) as the embryos lose their pointed apex. As the Co concentration increases, embryos are progressively shorter along their OA axis and the aboral ectoderm appears reduced compared to that of control embryos suggestive of a change in the allocation of ectodermal fates. However, development of other lineages such as the endoderm and the skeletogenic mesenchyme does not appear to be adversely affected at moderate concentrations (50-100 lM) of Co ( Fig. 1D and E). Severe alterations in morphology were observed at concentrations of 200 and 500 lM Co ( Fig. 1F and G). At these concentrations embryos appear rounded but unlike Ni-treated embryos, Co-treated embryos do not form a bell-shape, are not radialized and their gut is oriented towards the oral side as in control embryos. Bilateral skeletal rods were observed at low to moderate concentrations of Co (Fig. 1A-D , lower panels), however, at the highest Co concentrations tested, primary mesenchyme cells (PMCs) were disorganized and spicule growth was inhibited ( Fig. 1F-H , lower panels). The effect of Co on spicule growth is distinct from that observed in Ni-treated embryos, where PMCs are radially arrayed and multiple triradiate spicules are observed (Hardin et al., 1992) . At the highest concentrations of Co tested, an epithelial thickening develops on the oral side in the region of the presumptive oral hood and the archenteron is reduced in size compared to that of control embryos (Fig. 1G) . At 750 lM Co (Fig. 1H) , as in higher concentrations of Ni (500 lM), the endoderm fails to invaginate (Flowers et al., 2004) . All these results suggest that both metals may affect OA axis specification, although Co treatment has a milder effect. from that seen with Ni treatment. To determine whether the expression of ectoderm-specific markers was altered as a result of Co treatment embryos were treated with 200 and 500 lM Co and compared to controls and 50 lM Ni-treated embryos after immunostaining. Embryos were fixed and stained at the pluteus stage with EctoV and Spec1 antibodies, which label oral (Coffman and McClay, 1990) and aboral (Wikramanayake et al., 1995) ectoderm, respectively, in control embryos ( Fig. 2A and B) . EctoV staining is expanded and Spec1 staining is reduced as a result of Ni treatment ( Fig. 2M and N) . At 200 lM Co ( Fig. 2E and F) the EctoV stained area is similar to that observed in controls (Fig. 2B ), but the area stained with Spec1 is reduced (Fig. 2F) . When embryos are treated with 500 lM Co ( Fig. 2I and J) , EctoV staining is similarly expanded, but Spec1 staining (Fig. 2J) is either restricted to a smaller portion of the ectoderm or is not detectable. These results argue that high concentrations of Co expand the oral ectoderm at the expense of aboral ectoderm, similar to, but to a lesser degree than Ni treatment.
Co treatment does not alter endoderm or PMC specification
To determine the effects of Co treatment on the PMC and endodermal lineages, Co-treated embryos were immunostained with 1d5 and Endo-1 monoclonal antibodies (McClay et al., 1983; Wessel and McClay, 1985) , which label PMCs and the endoderm, respectively, and compared to control ( Fig. 2C and D) and 50 lM Ni-treated embryos ( Fig. 2O and P). Since the PMCs require cues from the ectoderm for their proper positioning, perturbation of OA axis specification with Ni results in a ring of PMCs arranged around the gut near the blastopore (Fig. 2P ) as previously reported (Hardin et al., 1992; McClay, 1999; Flowers et al., 2004) . In embryos treated with 200 and 500 lM Co, PMCs are specified based on 1d5 labeling ( Fig. 2H and L) , but are restricted to the vegetal region of the embryo and fail to form spicules ( Fig. 1F and G) . The extent of endoderm specification was not appreciably different in controls (Fig. 2C ) compared with Co ( Fig. 2G and K) or Ni (Fig. 2O ) treated embryos based on Endo-1 staining. However, the guts of 500 lM Co-treated embryos appeared stretched and did not always reach the roof of the blastocoel (Figs. 1G and 2I) or fully invaginate (Fig. 2K, arrow) as is sometimes also seen after Ni treatment (Fig. 2O, arrow) .
2.4.
Co exerts its effect during the blastula stages
To determine the timing of Co's effect on development, embryos were treated with 500 lM Co for different time intervals.
When embryos are treated continuously until the pluteus stage, spicule formation is inhibited, embryos become rounded and the aboral side of the embryo appears dramatically reduced (Fig. 1G) . The effect of 500 lM Co treatment varied depending on the stage treated and the length of exposure (Table 2 ). When embryos are treated for 12 H intervals the most effective period was between 12 and 24 H where $100% of the treated embryos display Co phenotypes. No effect was observed when embryos are treated from 0 to 6 H. This is and Ni-treated embryos (M-P). Embryos treated with 200 lM Co show a reduced Spec1 stained (green) region (F) compared to that of control embryos (B), while the EctoV stained domain (red) is comparable (F) to that seen in controls (B). Embryos treated with 500 lM Co (J) and 50 lM Ni (N) show expansion of EctoV staining and almost complete loss of Spec1 staining. Both 200 and 500 lM Co (G and K) and Ni (O) do not have an appreciable effect on gut specification as Endo-1 labeling is comparable to that observed in controls (C). However, at 500 lM Co (K) and 50 lM Ni (O) there is incomplete gut invagination and Endo-1 labeled cells remain in the ectoderm around the blastocoel (arrows in K and O). Immunostaining with the PMC marker 1d5 reveals that PMCs are present and specified in all treatments, but the PMCs in 200 lM Co (H) and 500 lM Co (L) treated embryos are disorganized and restricted to the vegetal region close to the blastopore. 50 lM Ni-treated embryos show a characteristic array of PMCs close to the blastopore (P) as previously reported. Upper panels are DIC images of representative embryos for each treatment (A, Control; E, 200 lM Co; I, 500 lM Co; M, 50 lM Ni).
important because the transcriptional initiation of nodal occurs at $7 H of development (Nam et al., 2007) . Treatment from 6 to 12 H and 18 to 24 H affected only $16% and 23% of embryos, respectively, while the most effective 6 H interval was from 12 to 18 H where $80% of embryos display the Co phenotypes. These results suggest that Co is most effective during the blastula stage between 12 and 18 H of development.
Both Ni and Co-treatments increase nodal transcript levels
Morphological and immunohistochemical analyses suggest that Co expands the oral ectoderm like Ni treatment. Q-RT-PCR analyses were performed to compare the effects of Ni and Co on Nodal gene expression. Since Nodal is expanded by Ni treatment (Duboc et al., 2004) , we determine nodal transcript levels at different stages of development after 200 or 500 lM Co or after 50 lM Ni treatment (Fig. 3) . Nodal transcription is initiated at $7 H of development in Strongylocentrotus purpuratus (Nam et al., 2007) and neither Co or Ni treatment activated nodal transcript levels at 6 H of development. This suggests that these treatments do not activate nodal transcription precociously. However, at 12 H of development, nodal transcripts were upregulated by all treatments. This upregulation by all treatments gradually increased until 18 H. Throughout this period, nodal transcript levels are highest in 50 lM Ni and 500 lM Co-treated embryos. At 24 H, there is still upregulation of nodal by the 500 lM Co and 50 lM Ni treatments, whereas a sharp reduction in expression was seen in 200 lM Co-treated embryos.
The Q-RT-PCR results correlate with the morphological effects observed by immunostaining (Fig. 2) , which demonstrated increased oral ectoderm when embryos are treated with Ni and Co. Upregulation of nodal transcript expression between 12 and 18 H is also consistent with the time interval where Co is most effective. All these results argue that Ni and Co oralize ectoderm possibly by upregulating nodal transcription, although no precocious transcription is detected.
2.6.
The effects of Ni and Co on genes known to influence OA patterning
Since ectoderm development appears to be influenced by Ni and Co treatments, we examined their effects on genes known to influence ectoderm specification using Q-RT-PCR analysis. Nodal acts upstream of the TGF-beta ligands lefty and BMP2/4 (Duboc et al., 2004; Flowers et al., 2004 ) that also influence ectodermal specification (Angerer et al., 2000; Duboc et al., 2004) .
Lefty is an antagonist of Nodal signaling and overexpression of Lefty disrupts ectodermal specification and generates phenotypes similar to nodal MASO microinjections (Duboc et al., 2005) . In Ni and Co-treated embryos lefty transcript levels are elevated compared to untreated embryos (Fig. 4A) . Lefty transcript levels are initially upregulated between 9 and 18 H of development and remain elevated at 24 H for 500 lM Co and 50 lM Ni treatments, but not for 200 lM Cotreated embryos (Fig. 4A) .
BMP2/4 is expressed in the oral ectoderm, however BMP2/4 overexpression causes aboralization in sea urchin embryos (Angerer et al., 2000) . BMP2/4 transcript accumulation begins at 14 H of development (Angerer et al., 2000) , and as expected, BMP2/4 transcript levels are very low at 9 H post-fertilization and are unaffected by Ni or Co (Fig. 4B) . At 18 H, BMP2/4
Table 2 -Timing of the effect of Co. Embryos were treated with 500 lM Co for various time intervals and embryos were collected at the pluteus stage and the proportion of different phenotypes determined. The most effective interval was between 12 and 18 H (marked by a red asterisk). The phenotypes included: Normal plutei (A), reduction of aboral ectoderm (B), rounded embryos with epithelial thickening (C), failure of archenteron invagination (D), and exogastrulation (E). Values are shown as the percentage of embryos with the corresponding morphology. Phenotypes of minimum of 300 embryos were counted/treatment and averages shown as percentages. The highest percentages are shown in red. Table 1 -Q-RT-PCR primer list. Sequences for the primer pairs used for the Q-RT-PCR analysis of nodal, BMP2/4, lefty, tbx2/ 3, cyIIIa, chordin and spec1.
Gene name
Forward primer sequence Reverse primer sequence
AGAGGAGTTGGGCGAGTTTT GGTCCACTTCACCATTTGCT transcript levels averaged $740 molecules per embryo in control embryos but were elevated by either Ni or Co treatments. This upregulation was maintained in 500 lM Co and 50 lM Ni treatments through 24 H, but not in 200 lM Co treatments.
These results suggest that BMP2/4 and lefty are upregulated due to upregulation of nodal by Ni and Co treatments. Chordin acts by binding to BMP2/4 and inhibiting its function in a manner similar to Noggin (Sasai et al., 1994 (Sasai et al., , 1995  Fig. 4 -Ni and Co treatments affect the expression pattern of genes known to influence ectodermal specification. The effects of 50 lM Ni (green), 200 lM Co (maroon) or 500 lM Co (yellow) treatments on the expression of the known nodal target genes, Lefty (A) and BMP2/4 (B) and the BMP2/4 antagonist Chordin (C) were determined by Q-RT-PCR after 9, 18, 24, 36, 48 and 72 H culture and compared to those observed in untreated embryos at the same stage (blue). The oral ectoderm genes and chordin are all elevated by the metal treatments at all stages examined beginning at 9 H post-fertilization. In contrast, transcript levels for the aboral ectoderm specific genes, cyIIIa (D) and tbx2/3 (E) are reduced by both metal treatments at the same stages. Transcript numbers are calculated relative to SpZ12-1. Analyses were performed in triplicate from samples taken from a minimum of three separate experiments. , 9, 12, 15, 18, 24, 36, 48 and 72 H culture in either 50 lM Ni (green), 200 lM Co (maroon) or 500 lM Co (yellow) for Q-RT-PCR analysis of nodal transcript levels. At all stages examined except 6 H and 9 H, the metal treatments show higher nodal transcript expression than is seen in untreated control embryos at the same stage (blue). Upregulation of nodal expression by Ni and Co begins between 9 and 12 H and increases in a graded manner until 18 H. The metal treatments do not increase nodal transcript levels prior to 9 H. Transcript numbers are calculated relative to SpZ12-1 values. Analyses were performed in triplicate from samples taken from a minimum of three separate experiments. Scott et al., 1999) . Sea urchin noggin enhances the differentiation of endoderm and has been shown to generate exogastrulated sea urchin embryos (Angerer et al., 2000) , but chordin has not been studied extensively in sea urchins (Lapraz et al., 2006) . Chordin transcript levels were very low at 9 H, but were upregulated in 200 lM Co, 500 lM Co and 50 lM Ni treatments at 18 H of development (Fig. 4C) . At 24 H, chordin is upregulated in 500 lM Co and 50 lM Ni-treated embryos but not by 200 lM Co treatment. These results argue that chordin may have a role in ectoderm differentiation, and its upregulation may oppose the aboralizing effect of BMP2/4 in Ni and Co treatments.
Transcript levels for CyIIIa, an aboral ectoderm-specific actin gene (Kirchhamer et al., 1996) , were also examined in response to Ni and Co treatments. CyIIIa transcript expression was first detected at 18 H post-fertilization (Fig. 4D) . CyIIIa transcript levels were downregulated at all time points examined with all metal treatments.
Tbx2/3 is a T-box transcription factor expressed on the aboral side of all three germ layers in sea urchin embryos (Gross et al., 2003) . In contrast to genes expressed in the oral ectoderm, tbx2/3 is downregulated in Ni and Co-treated embryos. Tbx2/3 transcripts are first detected at 18 H (Fig. 4E) , consistent with results from previous studies. Thereafter, tbx2/3 transcript levels were downregulated by all treatments, although 200 lM Co was less effective than other treatments at downregulating tbx2/3.
These results suggest that genes expressed in the aboral ectoderm are reduced whereas genes in the oral ectoderm are upregulated due to both Ni and Co treatments. Genes expressed in lineages other than the ectoderm are not affected by either Co or Ni (Supplementary Table 1) , which indicates that Ni and Co act primarily on ectoderm specification.
2.7.
Ni and Co do not oralize embryos in the absence of Nodal signaling
Our results suggest that Ni and Co treatments upregulate Nodal expression and oralize embryos. Since they do not influence nodal transcription prior to its usual onset this suggests that they do not affect the initiation of nodal transcription and might act through the nodal autoregulatory feedback loop. To determine if the effects of Ni and Co are altered when Nodal signaling is inhibited, embryos were treated with the ALK 4/5/7 inhibitor, SB431542 (SB), (Duboc et al., 2005; Yaguchi et al., 2006 Yaguchi et al., , 2007 Range et al., 2007) . SB inhibits Nodal signaling by acting as a competitive inhibitor of the ALK 4/5/7 receptor (Inman et al., 2002) . SB inhibits phosphorylation of Smad2/ 3 by the Nodal receptor and thereby attenuates Nodal signaling . When S. purpuratus embryos were treated with 5 lM SB (Fig. 5G and J) they phenocopy embryos injected with nodal MASO (Flowers et al., 2004) . However, when SB-treated embryos are simultaneously treated with 500 lM Co (Fig. 5H and K) or 50 lM Ni (Fig. 5I and L ) the embryos exogastrulate, and do not resemble embryos obtained with either SB treatment alone ( Fig. 5G and J) , or with either Co (Fig. 5B and E) or Ni ( Fig. 5C and F) treatment, or untreated control embryos (Fig. 5A and D) .
Embryos treated with SB or SB with either 500 lM Co or 50 lM Ni were immunostained to determine the effects of these treatments on different ectodermal territories. In SBtreated embryos without metal treatment, Spec1 expression was detected throughout the ectoderm and EctoV expression was weak (Fig. 5J ) compared to staining observed in control (Fig. 5D ) and Co and Ni-treated embryos ( Fig. 5E and F, respectively). This suggests that aboral ectoderm is specified in the absence of Nodal signaling.
Both 500 lM Co (Fig. 5E ) and 50 lM Ni (Fig. 5F ) treatments alone expand the oral ectoderm (increased EctoV staining) at the expense of aboral ectoderm (reduced Spec1 staining) compared to control embryos (Fig. 5D) . However, when either 500 lM Co (Fig. 5K) or 50 lM Ni (Fig. 5L ) treatment was combined with 5 lM SB treatment, Spec1 staining occupied more than half of the treated embryos and EctoV expression was reduced as observed with SB treatment alone (Fig. 5J) . The Ecto V staining observed at the tip of the gut of these embryos is most likely due to foregut staining, as Ecto V has previously been shown to be expressed in the foregut (Coffman and McClay, 1990 ). This further supports the notion that regionalization of the gut and endodermal specification occurs normally in these embryos despite alterations in their ectoderm. These results demonstrate that the oralizing activities of Ni and Co are diminished in the absence of Nodal signaling, and suggest that both metals influence the expansion of the oral ectoderm through the Nodal-signaling pathway. Similar results were obtained with nodal MASO microinjections ( Supplementary  Fig. 1 ).
Blocking nodal autoregulation reduces but does not abolish upregulation of nodal transcript expression by Ni and Co
Initial examination of nodal gene expression in Ni and Cotreated embryos suggested that these metals do not activate nodal transcription precociously (Fig. 3) . Immunostaining of embryos after SB treatment combined with either metal treatment ( Fig. 5H and K, I and L) suggests that Ni and Co cannot oralize embryos in the absence of Nodal signaling.
To determine how Ni and Co effect the levels of nodal transcription when Nodal signaling is blocked, nodal transcript levels were quantified at 9 H and 18 H of development in embryos treated with SB or SB combined with either Co or Ni (Fig. 6) . Nodal transcript levels were reduced from $722 to $179 ($4-fold) and from $1056 to $405 ($2-fold) copies per embryo at 9 H and from $6320 to $114 ($55-fold) and from $6232 to $1140 ($5-fold) copies per embryo at 18 H in 500 lM Co and 50 lM Ni-treated embryos, respectively, after SB treatment (Fig. 6) . These results suggest that the autoregulatory feedback loop of nodal is essential for Ni's and Co's affect on ectoderm specification.
Interestingly, when SB treatment is combined with 500 lM Co or 50 lM Ni treatments (Fig. 6) , nodal transcript levels at 9 H increased to $179 ($3-fold) and $405 ($6-fold) copies per embryo, respectively, when compared to SB treatment alone ($63 copies per embryo). At 18 H, SB reduced nodal transcript levels to $11 copies per embryo, but when SB treatment is combined with either 500 lM Co or 50 lM Ni treatments nodal transcript levels increased to $114 and ($10-fold) and $1140 ($104-fold) copies per embryo, respectively (Fig. 6 ). This also suggests that both metal treatments can influence nodal transcript accumulation even if the autoregulatory loop is blocked.
Discussion
Specification of the oral ectoderm in the early sea urchin embryo is dependent on Nodal signaling (Duboc et al., 2004; Flowers et al., 2004) . Specification along the OA axis is also influenced by treatment with Ni (Hardin et al., 1992) . However, how Ni and Nodal signaling are related is not well understood. In addition, Co acts similarly to Ni in many respects in human cells in culture (Namiki et al., 1995; Chandel et al., 1998; Salnikow et al., 2000; Maxwell and Salnikow, 2004) . We therefore wished to determine if Ni's effect on sea urchin ectoderm specification was through an influence on nodal transcription and if Co had a similar effect as Ni on sea urchin development. Embryos were treated with 500 lM Co (B and E), 50 lM Ni (C and F), 5 lM SB (G and J), 5 lM SB combined with 500 lM Co (H and K) and 5 lM SB combined with 50 lM Ni (I and L), immunostained with oral and aboral ectoderm markers at the pluteus stage and compared to controls (A and D). Co (E) or Ni (F) treatment results in expanded expression of the oral ectoderm marker EctoV (red) and reduced Spec1 (green) staining compared to control embryos (D) as previously reported. Blocking Nodal signaling with the inhibitor SB (G and J) generates embryos that resemble those seen with Nodal MASO microinjection. In these embryos, expression of the oral ectoderm marker, EctoV, is considerably reduced (J) compared to that observed in control embryos (D) and to embryos treated with 500 lM Co (E) and 50 lM Nickel (F) alone. Conversely, the region stained with the aboral ectoderm marker, Spec1, is expanded. Blocking Nodal signaling with SB in the presence of 500 lM Co (H and K) or 50 lM Ni (I and L) generates exogastrulae. In these exogastrulae, EctoV staining is reduced and the region stained with Spec1 is expanded compared to that observed in Ni (E) and Co (F) treatments alone. A-C and G-I are DIC images of comparable embryos to those shown in D-F and J-L, respectively.
Our results show that Co treatment does not generate the characteristic bell-shaped and radialized embryo that results from Ni treatment; however, it does alter ectoderm specification. Immunohistochemical analysis revealed that Co treatment expands the oral ectoderm at the expense of aboral ectoderm as is observed with Ni treatment (Fig. 2) . In addition, both Ni and Co treatments upregulate the expression of nodal transcripts between 12 H and 18 H of development and simultaneously downregulate expression of the aboral genes cyIIIa and tbx2/3. Q-RT-PCR analyses also showed that Ni and Co both upregulate oral ectoderm-specific ligands other than Nodal, including, BMP2/4 and Lefty, known downstream targets of nodal (Duboc et al., 2004 (Duboc et al., , 2005 and the BMP antagonist Chordin, which we show here is a likely downstream target of Nodal (Fig. 4) . Ni and Co, similarly to ectopic expression of nodal mRNA in S. purpuratus embryos (Flowers et al., 2004) , downregulate Spec1 and upregulate BMP2/4 transcript expression, suggesting that their effects are through the upregulation of nodal. Co treatment consistently showed less effect on the upregulation of oral ectoderm transcript expression and downregulation of aboral transcripts than Ni and this may account in part for the less severe oralized phenotype observed with Co. Alternatively, although Ni and Co can both oralize the ectoderm, these metals may have other as yet uncharacterized effects in sea urchin embryos.
Specification of the oral ectoderm is thought to be dependent on an oxidative redox state (Coffman and Davidson, 2001) , and others have proposed that a redox sensitive cisregulatory element is involved in nodal transcription (Nam et al., 2007; Range et al., 2007) . We therefore hypothesized that the mode of action of Ni and Co might be through initiation of nodal transcription. Both metals have been shown to generate ROS (Salnikow et al., 2000; Kawanishi et al., 2002; Cavallo et al., 2003; Pourahmad et al., 2003) , which may in turn influence nodal transcription. Previously it was proposed that Ni treatment may act early and upstream of nodal expression (Duboc et al., 2004) . Our data indicate that Ni and Co treatments do not elevate nodal transcripts precociously and are therefore unlikely to function in the initiation of nodal transcription. However, Ni and Co can upregulate nodal transcript expression once nodal transcription is activated. Since neither metal increased nodal transcription precociously (prior to its initial activation at 6H), this suggests that they are more likely to act through enhancing Nodal signaling. Upregulation of nodal transcription has not been reported in Ni and Co treated mammalian cells in culture, which may simply be due to the absence of Nodal signaling in these cells or it may be that this has never been examined.
To better understand how Ni and Co might influence ectoderm specification and nodal transcription, we blocked autoregulation of nodal by treatment with the ALK 4/5/7 inhibitor, SB431542 (SB). In the presence of this inhibitor Nodal signaling should be attenuated and any effect of the metals would indicate that they act through other mechanisms, possibly by influencing stability of Nodal or by influencing nodal transcription indirectly. We show that SB treatment alone reduces nodal transcription (Fig. 6) , which is not unexpected because nodal transcription heavily depends on its own positive feedback after its initiation (Nam et al., 2007) . Surprisingly we found that nodal transcript levels were higher in embryos treated with SB combined with either Ni or Co treatment compared to embryos treated with SB alone (Fig. 6 ). This suggests that Ni and Co may influence nodal transcription indirectly or may influence the stability of nodal mRNA or Nodal protein turnover. However, since SB treatment blocks phosphorylation of Smad2/3, increased Nodal ligand cannot signal to induce its own transcription and this is therefore an unlikely mechanism.
Another possible mechanism could be that these metals influence non-canonical Smad signaling. In canonical Smad signaling, Nodal induces phosphorylation of the SSXS motif of Smad2/3, resulting in Smad complex formation and translocation to the nucleus to regulate nodal target gene expression. Conversely, phosphorylation in the linker region by Erk1/2 (Kretzschmar et al., 1999) , calcium-calmodulin-dependent protein kinase-II or cyclin-dependent kinase (Cdk2/4) suppresses Smad2/3 signaling activity (Wicks et al., 2000) . Nocodazole, which causes disruption of microtubule networks, also induces Smad2/3 phosphorylation and signaling activity (Dong et al., 2000) . Interestingly, the kinase, Mps1, a component of the mitotic spindle, phosphorylates Smad2/3 Fig. 6 -Both Ni and Co treatment increase nodal transcript levels despite the presence of the inhibitor SB431542. Q-RT-PCR analysis of Nodal transcript levels in 9 H and 18 H embryos after 5 lM SB treatment (dark blue) revealed low levels of expression compared to that observed in controls (light blue) or after Ni (yellow) or Co (maroon) treatments. However, nodal transcript expression was higher in embryos treated with SB combined with either 50 lM Ni (green) or 500 lM Co (red) than in SB treatment alone. Transcript numbers were calculated relative to SpZ12-1 values. Analyses were performed in triplicate from samples taken from a minimum of three separate experiments.
at the SSXS motif in response to nocodazole (Zhu et al., 2007) . The increased expression of nodal transcripts as well as the nodal target genes, lefty, BMP2/4 and chordin ( Supplementary  Fig. 2 ) in SB combined with either Ni or Co treatment compared to SB treatment alone, supports the possibility of a similar type of induction in Ni and Co treatments.
Interestingly, embryos treated with Ni and Co in the presence of SB had normal amounts of aboral ectoderm staining and the oral ectoderm did not expand as is observed with metal treatments alone. This indicates that the oralizing effect of these metals is dependent on an intact Nodal signaling cascade. Q-RT-PCR analyses of oral and aboral ectoderm gene expression after SB treatment and after SB treatment combined with metal treatments further demonstrate that Ni and Co's effects require an intact Nodal signaling cascade for embryos to become oralized. The expression of aboral genes ( Supplementary Fig. 2 ), are not severely affected compared to controls when metal treatments are combined with SB, while oral genes are down regulated. These data argue that Ni and Co treatments reduce aboral gene expression, and that the effects of Ni and Co on embryonic ectoderm are through their effects on the Nodal signaling pathway.
When embryos are treated with SB alone or SB combined with either metal, immunostaining showed a proportionately greater amount of the aboral marker, Spec1, compared to the oral marker, EctoV (Fig. 5) . These results were confirmed when embryos were microinjected with a nodal antisense morpholino oligonucleotide (Supplementary Fig. 1 ). This is in contrast to previous reports in another species of sea urchin (Duboc et al., 2004 ) that showed both oral and aboral ectoderm markers were severely reduced due to inhibition of Nodal signaling by nodal MASO injections. However, our immunostaining results show expression of Spec1 in both nodal MASO and SB-treated embryos and Q-RT-PCR analysis show that the aboral ectoderm markers, cyIIIa and tbx2/3, are not severely downregulated. This may be due to species differences as it has been shown that different species of sea urchins have different mechanisms of ectoderm specification when manipulated (Wikramanayake et al., 1995) .
Nodal expression is restricted to the oral ectoderm in normal development. However, in Ni-treated embryos, nodal transcript expression extends throughout the ectoderm but does not extend to other lineages (Duboc et al., 2004) . Since nodal expression is normally restricted to oral ectoderm cells, the expansion of EctoV expression in Ni and Co-treated embryos suggests that either Nodal ligand diffuses into the aboral ectoderm territory or nodal transcription is activated in aboral ectodermal cells. Evidence for the diffusion of Nodal ligand to adjacent cells in sea urchins has been reported (Yaguchi et al., 2007) . In normal development the expansion of Nodal is prevented through several mechanisms (Iratni et al., 2002; Duboc et al., 2005; Nam et al., 2007; Yaguchi et al., 2008) . One well-known mechanism is the antagonistic effect of Lefty (Iratni et al., 2002; Sakuma et al., 2002; Schier, 2003; Duboc et al., 2005; Yaguchi et al., 2008) , which competes for the Nodal receptor (Sakuma et al., 2002; Schier, 2003) . In sea urchin embryos, lefty is a downstream target of nodal. Lefty transcripts are also upregulated by Ni and Co treatments; however, increased expression of lefty does not inhibit increased nodal transcript expression or oralization by Ni or Co.
In summary, Ni and Co treatments oralize embryos by influencing nodal expression possibly through a similar mechanism that depends on a functional Nodal signaling cascade. Although these metals are known to influence redox signaling, they do not seem to affect ectoderm specification through initiation of nodal transcription, which is thought to be redox dependent. Further analysis of mechanisms known to regulate Nodal signaling and non-canonical Smad signaling in the sea urchin embryo, is needed to better understand how Ni and Co influence oral ectodermal gene expression and specification.
4.
Experimental procedures
Animals
Adult S. purpuratus were obtained from Santa Barbara, Biological, (Venice, CA) or The Cultured Abalone (Goleta, CA). Adults were maintained at 10°C. Eggs and sperm were harvested after intracoelomic injection of 0.5 M KCl. Eggs were fertilized with a dilute suspension of sperm and were washed and embryos cultured in Millipore filtered artificial seawater (MFSW) at 14.5°C.
Co, Ni and SB treatments
Embryos were treated with different concentrations of CoCl 2 ranging from 5 to 750 lM. To determine the time when embryos are sensitive to Co, embryos were treated at different times and for different time intervals and the percentage of embryos demonstrating distinct phenotypes determined.
Ni was used at 50 lM, the concentration that generates the bell-shaped and oralized phenotype in S. purpuratus embryos that resembles Nodal overexpression (Flowers et al., 2004) . To block Nodal signaling, embryos were treated with the Alk4/5/ 7 receptor inhibitor, SB431542 (SB), at 5 lM (Duboc et al., 2005; Yaguchi et al., 2006 Yaguchi et al., , 2007 Range et al., 2007) . CoCl 2 and NiCl 2 and SB were obtained from Sigma (St. Louis, MO). CoCl 2 and NiCl 2 were dissolved in de-ionized water to obtain 10 mM stock concentration. An SB stock solution was prepared in DMSO to 13 mM. In controls an equivalent volume of DMSO was added in place of the SB solution. Stock solutions were added to MFSW at twice the desired working concentration. An equal volume of fertilized eggs in MFSW was added to bring the final concentration to 1· and embryos were cultured at 14.5°C until the pluteus stage. Microinjected embryos were treated with either Ni or Co by adding an equal volume of the appropriate stock solution at 2· the desired working concentration after microinjection.
Microinjection of S. purpuratus embryos
Unfertilized eggs were washed with MFSW and de-jellied in pH 5 MFSW for 1 min and quickly washed three times with MFSW. The eggs were then plated on 1% protamine sulfate coated dishes (prepared by incubating the plates for 1 min with 1% protamine sulfate (Sigma, St. Louis) dissolved in MFSW followed by extensive washing in distilled water). Eggs were fertilized in MFSW containing 300 mg/l p-Aminobenzoic acid (Sigma, St. Louis) to prevent hardening of the fertilization membrane.
Nodal morpholino antisense oligonucleotide (MASO) was injected as described previously (Flowers et al., 2004) . As a control, standard control MASO (Gene Tools, Philomath, OR) was injected at the same concentration as the nodal MASO. The sequence of the standard control MASO was: 5 0 -CCTC TTACCTCAGTTACAATTTATA-3 0 . MASOs were injected in a solution containing 120 mM KCl and 25% glycerol. Approximately 2 pl of each MASO solution was injected, using a Picospritzer II system with 10-30 ms pulse and 20 psi of air pressure. Embryos were cultured in MFSW at 14.5°C after injection and were collected and transferred to non-protamine coated plates at approximately 18 H post-fertilization. Microinjected embryos were treated with either Ni or Co by adding an equal volume of the appropriate stock solution at 2· the desired working concentration after microinjection. The microinjected embryos were imaged at the pluteus stage with a DM 5500B fluorescence microscopy system and ImagePro software (Leica, Bannockburn, IL).
Immunohistochemistry
Embryos were fixed at the pluteus stage in 4% paraformaldehyde in phosphate buffered saline, 0.2% Tween-20 (PBST) for 10 min at RT. EctoV (Coffman and McClay, 1990) , 1D5 (McClay et al., 1983) and Endo-1 (Wessel and McClay, 1985) monoclonal antibodies were obtained from Dr. David McClay, Duke University, and Spec1 antibody was as described in Wikramanayake et al., 1995 . For immunostaining, fixed embryos were washed with PBST three times and incubated in blocking solution (5% goat serum (Jackson ImmunoResearch Laboratories, West Grove, PA) in PBST for 30 min. For Spec1 and EctoV double staining, after blocking, embryos were incubated with a 1:10 dilution of Spec1 antibody in blocking solution for 2 H. After a single wash with PBST, embryos were blocked again, and then incubated in a 1:1 dilution of EctoV antibody in blocking solution overnight. After three washes with PBST, embryos were incubated in blocking solution for 30 min and then in a 1:200 dilution of secondary antibodies in blocking solution for 1 H at RT. Embryos were washed three times with PBST after incubation with the secondary antibody. Tetramethyl rhodamine isocyanate (TRITC) conjugated goat anti-mouse (GAM) secondary antibody was used to detect the EctoV, Endo-1 and 1d5 antibodies and Alexa 488 conjugated goat anti-rabbit secondary antibody was used with the Spec1 antibody. For Endo-1 and 1d5 labeling, the primary antibodies were diluted 1:1 in blocking solution and the embryos were incubated for 1 H at RT. Secondary antibody staining was as described above using the TRITC GAM antibody. Immunostained embryos were mounted after the final wash with ProLong Gold Antifade Reagent, (Molecular Probes, Eugene, Oregon) and imaged using a Fluoview 500 Confocal system (Olympus America Inc., Center Valley, PA).
Q-RT-PCR analysis
Total RNA was extracted from 500 to 600 embryos using the Gen-Elute Mammalian Total RNA Purification Kit (Sigma, St. Louis, MO). Total RNA was treated with DNase using the Turbo DNase Kit (Ambion Inc., Austin, TX) to eliminate genomic DNA contamination. cDNA was prepared from the total RNA using the Applied Biosystems RT reaction kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. Q-RT-PCR reactions were performed on an ABI 7900 HT with ABI SYBR Green PCR 2· Master Mix (Applied Biosystems, Foster City, CA). Each reaction was performed in triplicate, using two different internal controls for each treatment, ubiquitin and SpZ12-1. Ubiquitin transcript levels do not change until the blastula stage (Nemer et al., 1991) and SpZ12-1 transcript levels were previously determined at different developmental stages (Wang et al., 1995) . To assure that DNase treatment was efficient, a Q-RT-PCR reaction was performed for each processed sample and ubiquitin levels were checked before or after the reverse transcriptase reaction. The comparative C t (cycle threshold) method was used to calculate the fold change in transcript levels as well as the absolute number of transcripts per embryo (Wong and Medrano, 2005) . The formula for the method is the C t value for the target gene normalized to the average C t value acquired on the same cDNA preparations with SpZ12-1 primers (C tSpZ12 ): that is, DC t = C t target gene À C tSpZ12 . The exact number of transcripts of the target gene per embryo at any given stage is then calculated using known values for SpZ12 (Q SpZ12 ) at the same stages, using the formula Q target gene ¼ Q SpZ12 Â 1:94D
Ct (Otim et al., 2004) . The numbers of SpZ12-1 mRNA molecules per single embryo has been determined at different developmental stages previously by Wang et al. (1995) . In the present study, 2100 molecules/embryo was used for 6 H embryos, 1600 molecules for 9 H, 12 H, 15 H, and 18 H embryos, 1900 molecules for 24 H and 36 H embryos, 1200 molecules for 48 H embryos, and 1600 for 72 H embryos as standard numbers for SpZ12-1 mRNA as described . Primers (Table 1) with amplicon lengths between 100 and 200 bp were designed with Primer3 software, which is available online at http://fokker.wi.mit.edu/primer3/input.htm. Primer efficiencies were checked by a series of dilutions (Wong and Medrano, 2005) . The presence of a single band for each primer pair was confirmed by gel electrophoresis as well as from the dissociation curve as the presence of a single peak indicates a single amplicon. The primer pairs for deadringer, gsc, foxA, hnf6, alx1, notch and delta, were designed by the Davidson Lab, (California Institute of Technology, Pasadena, CA) and details are available at http://www.spbase.org/SpBase/resources/ methods/q-pcr.php.
